Abstract-A geophysical model function (GMF), which is denoted by XMOD2, is developed to retrieve sea surface wind field from X-band TerraSAR-X/TanDEM-X (TS-X/TD-X) data. In contrast to the previously developed XMOD1, XMOD2 consists of a nonlinear GMF, and thus, it depicts the difference between upwind and downwind of the sea surface backscatter in X-band synthetic aperture radar (SAR) imagery. By exploiting 371 collocations with in situ buoy measurements that are used as the tuning data set together with analysis wind model results, the retrieved TS-X/TD-X sea surface wind speed using XMOD2 shows a close agreement with buoy measurements with a bias of −0.32 m/s, a root-mean-square error (RMSE) of 1.44 m/s, and a scatter index (SI) of 16.0%. Further validation using an independent data set of 52 cases shows a bias of −0.17 m/s, an RMSE of 1.48 m/s, and an SI of 17.0% comparing with buoy measurements. To apply XMOD2 to TS-X/TD-X data acquired at HH polarization, we validate three X-band SAR polarization ratio models that were tuned using TS-X dual-polarization data by comparing the retrieved sea surface wind speed with buoy measurements.
I. INTRODUCTION
T HE spaceborne active microwave instruments of scatterometer and synthetic aperture radar (SAR) have provided important marine-meteo parameters of the air-sea interface, particularly the sea surface wind speed at 10-m height (U 10 ) and the wind direction in high spatial resolution and global coverage. Spaceborne SAR has a unique advantage to measure sea surface wind in spatial resolution higher than 1 km. This is particularly important over coastal zones, where the sea surface wind field often exhibits significant spatial variation caused by coastal orography and man-made objects such as offshore wind turbines.
The general methodology to derive the sea surface wind field from SAR is to apply an empirical geophysical model function (GMF) to the calibrated SAR image using wind direction from external sources or wind streaks visible in SAR imagery. The GMF relates the normalized radar cross section (NRCS, σ 0 ) to sea surface wind speed, wind direction, and incidence angle of radar. C-band (5.3 GHz) GMF families, e.g., the widely used CMOD4 [1] , CMOD_IFR [2] , CMOD5 [3] , and CMOD5.N [4] , are developed for the European Remote Sensing (ERS) satellite Active Microwave Instrument scatterometer and the Advanced SCATterometer (ASCAT) to derive sea surface wind vectors over a large swath with a spatial resolution of 25 or 12.5 km.
As scatterometers scan sea surface with fore-, mid-, and aftbeams, a triple measurement depending only on wind speed and wind direction at a given node with known incidence angles is obtained. By collocating a large amount of reanalysis sea surface wind field data and/or in situ buoy measurements with scatterometer measurements, transfer functions in the GMF are subsequently derived, e.g., as presented in [5] .
Since the ERS/SAR and Environmental Satellite/Advanced Synthetic Aperture Radar (ASAR) also operated in C-band, the CMOD functions are adapted to the C-band SAR data to map the sea surface wind field in high spatial resolution for different applications, e.g., mesoscale wind [6] , katabatic wind [7] , Bora events [8] , coastal upwelling [9] , and offshore wind farming [10] . As the CMOD functions are only available for radar data acquired at vertical polarization (VV), to retrieve sea surface field from C-band SAR data at horizontal polarization (HH), polarization ratio (PR) models are proposed, e.g., by fitting airborne experimental data [11] , [12] or based on sea surface backscatter theory [13] . The sea surface backscatter in HH polarization σ HH 0 is converted to σ VV 0 by using PR models, and then, the CMOD functions are applied to retrieve sea surface wind. These PR models are further verified or adjusted by comparing the retrieved RADARSAT-1 SAR sea surface wind speed with scatterometer and/or in situ buoy measurements [14] - [16] . Apart from these models that consider only the effect of incidence angle on PRs, PR models, including additional influences of wind direction [12] and wind speed [17] on PRs, are also proposed, which yield a better conversion of σ
The CMOD functions are shown to be suitable for retrieving sea surface wind field from C-band SAR sensors. However, a new GMF has to be developed when SAR operates at different microwave frequencies, such as the Advanced Land Observing Satellite (ALOS)/Phased Array type L-band Synthetic Aperture Radar (PALSAR) in L-band (1.2 GHz), the TerraSAR-X/ Tandem-X (TS-X/TD-X), and the Cosmo-SkyMed in X-band (9.6 GHz). As the SAR has one antenna instead of several ones such as for scatterometers, a feasible approach of deriving a suitable GMF is to match up SAR measurements with externally derived wind vectors, e.g., that presented in [18] for an L-band GMF to retrieve sea surface wind from ALOS/PALSAR.as they can provide observations with high spatial resolution, as well in a constellation configuration. Furthermore, retrieval of sea surface wind field is one promising application of SAR for operational weather services. Therefore, in this paper, we focus on the algorithm development of sea surface wind retrieval from TS-X and TD-X data.
Our first algorithm, called XMOD1 [19] , was developed using a linear GMF to retrieve sea surface wind from X-band SAR data, which was tuned using the SIR-X SAR data. The PR models describing the dependence of PR on the incidence angle proposed by Thompson et al. [11] and Elfouhaily [13] were retuned using TS-X dual-polarization data [20] . Additionally, in the study of Shao et al. [20] , an exponential type of the PR model, called X-PR, which is similar with the model given by Mouche et al. [12] , is proposed to retrieve sea surface wind speed from the TS-X/TD-X data at HH polarization. Thompson et al. [21] also proposed an empirical algorithm by interpolating the NRCS values between C-and Ku-band to X-band for retrieving sea surface wind speed from TS-X data at both VV and HH polarizations.
Following the introduction, in Section II, the data set used in this paper is briefly described. The methodology to develop the GMF, called XMOD2 hereafter, for sea surface wind field retrieval from TS-X/TD-X data at VV polarization is described in detail in Section III. In Section IV, we present simulation and validation of XMOD2. Following that, application of XMOD2 on TS-X/TD-X data at HH polarization using the three tuned PR models is described in Section V. Discussion and conclusions are given in the last section.
II. DATA SET

A. TS-X and TD-X Data
The TS-X and TD-X satellites can image in Spotlight, Stripmap, and ScanSAR modes, as well as in multiple combinations of polarizations. In this paper, we used the Stripmap and ScanSAR mode data acquired at copolarization (VV or HH) to retrieve sea surface wind. Stripmap data have a pixel size of 1.25 m and a swath of around 30 km, and the ScanSAR mode can provide images at large coverage of 100 km with a pixel size of 8.25 m.
TS-X/TD-X Stripmap data constitute a majority of the data set used for the tuning of XMOD2. In addition, there are a few ScanSAR data that are included in the tuning data set. For Stripmap data, absolute radiometric calibration accuracy of 0.31 dB was achieved during the commissioning phase [22] . After two years of its launch, the recalibration results [23] show that TS-X still works very successfully with absolute radiometric accuracy of 0.34 dB. The noise equivalent sigma zero (NESZ) of TS-X and TD-X data lies between −19 and −26 dB, depending on the variation of incidence angles (i.e., the antenna beam pattern), and the average value is approximately −21 dB [24] . The continuous wind data of the NDBC buoys are available every 10 min, whereas the accessed wind measurements of the Canadian buoys are available hourly. Anemometers on most buoys are mounted at 5-m height above the sea surface. However, wind measurements derived from microwave sensors, e.g., scatterometry, radiometry, and SAR, are at a standard height of 10 m above the sea surface. Therefore, wind speed measured by anemometers at different heights is corrected to the reference level of 10-m height for comparisons with satellite measurements. In this paper, we used two methods for wind speed corrections. The first method of correcting the wind speed U (z m ) at a height of z m measured by the buoy to the wind speed at 10-m height U (z) is to use a simple logarithmically varying wind profile, i.e.,
where z 0 is the roughness length, which has a typical value of 1.52 × 10 −4 [25] . This expression is derived using a mixing length approach assuming neutral stability [25] , i.e., neglecting the effect of differences in atmospheric stability, which, therefore, may lead to errors when atmospheric conditions are different from neutral stability. The corrected wind speed to 10-m height using this method is called U LOG hereafter.
The second method is to correct the buoy-measured wind speed to the equivalent neutral wind at 10-m height using the LKB method proposed in [26] . In the LKB method, the buoy-measured wind speed is transformed to surface stress by taking into account the atmospheric stability between buoy observation height and sea surface. Then, the equivalent neutral wind is obtained by transforming the surface stress back to 10-m height without considering the stability effects. Thus, such winds are considered to be measurements of wind stress expressed in units of wind speed. The corrected buoy wind speed using this method is called U LKB hereafter.
Both scatterometer and SAR transmit pulses to the sea surface and therefore respond directly to the sea surface roughness rather than to the 10-m wind, which is closely associated with the wind stress. Therefore, the LKB method is considered to be more reasonable to correct buoy measurements, as it provides a wind speed for a given wind stress that would be observed at a height of 10 m assuming a neutrally stable atmosphere. This method has been widely used to correct buoy wind measurements to 10-m height for comparison with satellite-derived wind measurements, e.g., from the radiometer of SSM/I [27] and the scatterometers of NSCAT and QuikSCAT [28] .
In Fig. 1 , we show the comparison between the corrected wind speed using the two methods described above. The comparison indicates that U LKB is slightly higher than U LOG by 0.21 m/s, which is consistent with the finding in [27] .
2) Matchup of TS-X/TD-X Data With Buoy Measurements:
TS-X/TD-X acquisitions are spatially and temporally matched up to in situ buoy measurements. At the locations of the buoys, the mean sea surface backscatter σ 0 and the local incidence angle are extracted from TS-X/TD-X subscenes with coverage of 2 km × 2 km, which are subsequently collocated with buoy measurements. After excluding TS-X/TD-X data in which the imaged sea surface is strongly affected by rainfall, oil slicks, coastal upwelling, or other phenomena that affect homogeneity of the sea surface backscatter, 371 cases of TS-X/TD-X data at VV polarization matched with buoy measurements during the period of January 2008 through June 2012 were collected for tuning of the GMF XMOD2. Histograms of collocated buoy wind speed and relative wind direction are shown in Fig. 2 . The histogram of collocated buoy wind speed tends to exhibit a Weibull distribution, which is consistent with the distribution of global sea surface wind speed [29] . This may indicate that the collocations are able to represent different weather situations well, although the collocated wind speed measurements are all below 20 m/s. The distribution of the relative wind direction, however, shows that there are less data pairs for crosswind as compared to the other directions.
To validate XMOD2 independently of the tuning data set, we further collected 52 cases of TS-X/TD-X data and buoy measurements during the period of July 2012 through January 2013.
C. DWD Model Data
In addition to in situ buoy measurements, numerical weather prediction (NWP) wind model data provided by the German Weather Service (DWD) were collocated to TS-X/TD-X acquisitions. The sea surface wind field at a grid size of 0.75
• × 0.75
• in latitude and longitude is used to drive the short-term global forecast wave model GSM at the DWD; therefore, it is hereafter called the GSM wind model. The scatterometer measurements from QuikSCAT (SeaWinds) and ASCAT are assimilated into the model. The global average neutral wind appears to be about 0.2 m/s higher than the nonneutral wind, which was also verified for the European Centre for Medium-Range Weather Forecasts (ECMWF) wind model [30] . Therefore, one can include this difference in tuning of a GMF to obtain the equivalent neutral wind at the 10-m height from Scatterometer or SAR data, as conducted in the retuning of CMOD5 to achieve CMOD5.N using the ECMWF wind model data [4] . In principle, we can also apply a stability correction by adding 0.2 m/s to the GSM wind data to tune a neutral wind GMF for X-band SAR data. However, sea surface temperature, sea level pressure, humidity, and air temperature are not provided in the GSM wind model, and it is not possible to verify whether the difference (0.2 m/s) is also applicable for the GSM model. Therefore, in this paper, we use the GSM real wind at 10-m height and the corrected buoy measurements U LOG to tune XMOD2.
III. METHODOLOGY
Following the description of the data set used in this paper, the development of the GMF XMOD2 is presented in detail.
A. Comparison of the Sea Surface Backscatter in X-, C-, and Ku-Band
The microwave frequency of X-band TS-X/TD-X is 9.65 GHz, which lies between C-band (5.33 GHz) and Ku-band (13.99 GHz). Therefore, it is considered that σ 0 in X-band data should be close to that in both C-and Ku-band data, which is also the principle of [21] to empirically derive an X-band GMF by interpolating the C-and Ku-band NRCS. Therefore, in this paper, we first compare the σ 0 measured by TS-X/TD-X, which is denoted by σ TSX 0 , with the simulated one using the GMF of CMOD5.N and NSCAT1 [31] for C-and Ku-band radar at VV polarization, which is denoted by σ , respectively. Buoy measurements of wind direction, corrected wind speed at 10-m height (i.e., equivalent neutral wind speed U LKB ), and local incidence angles of the TS-X/TD-X subscenes at buoy locations are input to the two GMFs to obtain a simultaneous measurement of NRCS in Cand Ku-band with X-band observation. The comparisons are shown in Fig. 3 . The red dashed curves in Fig. 3 are polynomial fitting between the observed X-band NRCS and the simulated C-or Ku-band NRCS.
Since the radar backscatter of the sea surface is dominated by the Bragg resonant scattering, the discrepancy of simultaneous NRCS in C-, X-, and Ku-band should be comparable as the microwave frequency of X-band is in the middle of C-and Ku-band. However, it is surprising that the difference between σ Since the primary goal of this paper is to develop a GMF for X-band TS-X/TD-X to retrieve sea surface wind, these findings need for further investigations, in particular by classifying them into difference in wind speed, wind direction, and incidence angle after acquiring more collocations of TS-X/TD-X with in situ buoy measurements.
B. Development of the GMF XMOD2 for TS-X/TD-X Data 1) Derivation of XMOD2:
As the currently available TS-X/ TD-X collocations with other data sets, such as in situ buoy measurements and scatterometer measurements, are not sufficient to derive transfer functions independently by fitting the observed σ TSX 0 to the measured sea surface wind speed and wind direction. To overcome this problem, we introduce a practical approach to develop a GMF for TS-X and TD-X data.
The comparisons shown in Fig. 3 indicate that σ 0 observed by X-band radar is in close agreement with that by both C-and Ku-band radars, particularly with Ku-band. However, a twofold consideration leads us to adopt the model functions of CMOD5 to X-band SAR data. The C-band GMF has been widely used for retrieving the sea surface wind field from C-band SAR data; on the other hand, CMOD5 is particularly developed for a good retrieval of the sea surface wind field in both low and high wind speeds. Although the current tuning data set for X-band GMF includes only a few cases acquired in high wind speed (above 20 m/s), the adoption of CMOD5 to X-band SAR gives a possibility for further tuning of X-band GMF for high wind speed.
CMOD5 is written as
where B 0 , B 1 , and B 2 are functions of incidence angle θ and the sea surface wind speed v at 10-m height. Relative direction φ is the angle between wind direction ϕ and radar look direction α, i.e., φ = ϕ − α. p is a constant with a value of 0.625. In CMOD5, the isotropic term B 0 , the upwind/downwind amplitude B 1 , and the upwind/crosswind amplitude B 2 are all functions of wind speed and incidence angle. In GMFs, the B 0 and B 2 terms dominate the relation between sea surface backscatter with wind vector and incidence angle. Therefore, in the proposed GMF XMOD2 for X-band SAR, transfer functions that are used to depict B 0 and B 2 are adopted from CMOD5, whereas a second-order polynomial function is used to describe the dependence of B 1 on the sea surface wind speed and incidence angle, as given in the following equation:
2) Tuning Approach: A stepwise regression is used in the tuning approach. First, it is assumed that the observed sea surface backscatter σ TSX 0 is only related to the sea surface wind speed and incidence angle, i.e.,
The coefficients in B 0 are tuned by minimizing the following cost function:
Neglecting the difference of upwind and downwind on σ TSX 0 , i.e., only considering the difference in upwind and crosswind, σ TSX 0 approximates to be
As the coefficients of B 0 have been determined via (5), (6) is rewritten as
Again, the least mean square method (5) is used to determine the coefficients for the transfer functions in B 2 . Consequently, the coefficients for the functions in B 1 are determined as well when the difference of upwind and downwind on sea surface backscatter in X-band SAR image is considered.
As shown in Fig. 2 , the collocated buoy measurements are irregularly distributed, particularly for wind direction. However, the TS-X/TD-X data over buoys are acquired individually and are all the available collocations at this time since the start of the operational phase of TS-X in December 2007. Therefore, while acquiring future data, for now, we have to consider additional collocations to further consolidate the tuning data set. In the tuning approach described above, the coefficients in the GMF for X-band data are preliminary determined by collocations of TS-X/TD-X data and buoy measurements. The preliminary GMF is called XMOD_internal. By applying the XMOD_internal to collocations of TS-X/TD-X data and the GSM wind model results, one obtains a simulated sea surface backscatter, which is denoted by σ is less than an empirical threshold of 2 dB, the collocations are then selected for fine-tuning of XMOD2. The threshold is set to exclude some spurious model data that may induce significant discrepancies between the simulated σ 0 and the SAR measurements. After this procedure, there are 639 collocated pairs of the TS-X/TD-X and DWD model results that are selected for further tuning. Ninety-five percent of the collocated GSM wind model data are 100 km away from the coast. Finally, a total of 1010 collocations of TS-X/TD-X data with in situ buoy measurements and the GSM model results are used as the tuning data set. Fig. 4 shows the histograms of wind speed and wind direction of the tuning data set. Comparing Fig. 4 with Fig. 2 , one can find that adding collocations to the GSM wind model results overcomes the problem of irregular sampling to some extent.
The coefficients in XMOD2 are determined by repeating the steps given in (4)-(7) using the mixed tuning data set, which are listed in Table II in the Appendix. XMOD2 is applicable for X-band SAR data acquired with incidence angles between 20
• and 45
• and at VV polarization. Note that the tuned XMOD2 does not yield the equivalent neutral winds but the real winds at 10-m height.
IV. SIMULATION AND VALIDATION OF XMOD2
A. Simulation Fig. 5 shows the simulated σ 0 using XMOD2 against relative wind direction in the sea surface wind speed of 10 m/s for incidence angles of 20
• , 30
• , and 40
• , respectively. The simulation shows that XMOD2 can properly represent the anisotropic effect of wind direction on the sea surface backscatter. Moreover, the incidence angle effects on the difference between upwind and crosswind as well as on that between upwind and downwind are also distinct. One can find that the higher the incidence angle, the more sensitive σ 0 is on the sea surface wind direction. Fig. 6 (a) and (b) shows the simulated sea surface backscatter using XMOD2 for incidence angles of 20
• in upwind and crosswind. In Figs. 5 and 6, the same simulations for C-band radar using CMOD5 are also presented for comparison. With respect to Fig. 5 , the simulation shows that the difference between X-and C-band increases with incidence angle, particularly for upwind and crosswind. In Fig. 6 , it is interesting to notice that, for upwind, the transition of the difference between X-and C-band σ 0 shows dependence on the sea surface wind speed. For incidence angles of 20
• , the transition appears at around 8, 6, and 4 m/s, respectively. However, in crosswind, the simulated X-band σ 0 is generally larger than that of C-band without independence on the sea surface wind speed. Another issue that we investigate is the usability of XMOD2 to retrieve low wind speed from TS-X/TD-X data. NESZ is a measurement of the sensitivity of a radar system to areas of low backscatter, which is an important parameter to assess quality of the SAR data. The NESZ of TS-X/TD-X data used in the tuning data set is derived from the XML file, which is shown as a function of incidence angle in Fig. 7 . Note that the NESZ in one TS-X/TD-X scene varies along with incidence angle. Considering that the variation of incidence angle of TS-X/TD-X Stripmap data is relatively small (about 2.5
• ), we use the averaged NESZ and incidence angle over one scene for representation. The overall NESZ of TS-X/TD-X data used in the tuning data set is −22.06 dB. The simulated TS-X/TD-X σ 0 under wind speeds of 1, 2, and 5 m/s in crosswind is shown as well in the figure. For the sea surface wind speed above 2 m/s, the simulated σ 0 is higher than the NESZ for all incidence angles. Only when the incidence angle is steeper than 30
• , the simulated σ 0 for a sea surface wind speed of 1 m/s is larger than the NESZ. This indicates that 2 m/s is the minimum wind speed that one can retrieve using XMOD2 for incidence angles between 20
• . If the incidence angle is steeper than 30
• , a lower sea surface wind speed of 1 m/s can be retrieved as well.
B. Validation
In the validation exercises, we focus on the comparison of the retrieved TS-X/TD-X sea surface wind speed with in situ buoy measurements. To retrieve the SAR sea surface wind speed using GMFs, accurate information on wind direction has to be obtained a priori. In other words, it is difficult to verify GMFs if errors of the retrieved wind speed are additionally induced by the uncertainty of wind direction. Therefore, buoy-measured wind direction, which is considered to be the best observation close to ground truth, is used as input to XMOD2 to derive the TS-X/TD-X wind speed for validating XMOD2.
It is no doubt that the larger the amount of accurate measurements is used, such as derived from in situ buoys, the better XMOD2 can be tuned. However, if all the available buoy collocations are already used for tuning, validation will lack an important data set; thus, one has to consider the tradeoff between tuning and validation data sets. As the primary goal of this paper is to construct a suitable GMF to retrieve the sea surface wind field from TS-X/TD-X data, we use all the collocations with buoy measurements since the start of the operational phase of TS-X in December 2007 until June 2012 for tuning XMOD2. On the other hand, in order to reduce irregular distributions of wind speed and wind direction in the tuning data set, a large amount of GSM wind model results, which is nearly twice that of the collocations with buoy measurements, is further added to the tuning data set. Therefore, comparison of the retrieved sea surface wind speeds to buoy measurements is still necessary to verify XMOD2. The comparison in Fig. 8 shows that the retrieved TS-X/TD-X wind speed is in good agreement with buoy measurements with a bias of −0.32 m/s, a root-mean-square error (RMSE) of 1.47 m/s, and a scatter Fig. 9 . Comparison of the retrieved TS-X/TD-X sea surface wind speed using XMOD2 against in situ buoy measurements that are not included in the tuning data set (July 2012 to January 2013).
index (SI) of 16.0% for the sea surface wind speed in the range of 2-20 m/s. Note that a centered RMSE [32] is used for evaluating the quality of the retrieved sea surface wind speed in this study, although it is still called RMSE hereafter.
Parallel with the development of XMOD2, we also obtained TS-X/TD-X acquisitions over NDBC and Canadian buoys to get an independent data set to validate XMOD2. Fig. 9 shows the comparison of the retrieved sea surface wind speed from TS-X/TD-X data acquired during July 2012 through January 2013 with in situ buoy measurements. This comparison using an independent data set shows a bias of −0.17 m/s, an RMSE of 1.48 m/s, and an SI of 17.0%, which are all consistent with those achieved in the comparison using the tuning data set.
The development and validation of XMOD2 for TS-X/ TD-X data at VV polarization are described above. Its application on TS-X/TD-X data at HH polarization is presented in the next section.
V. APPLICATION OF XMOD2 ON TS-X/TD-X DATA AT HH POLARIZATION
In a recent study, we have developed three models [20] depicting the dependence of TS-X/TD-X PR on incidence angle. The PR models are used to convert NRCS of HH polarization (σ HH 0 ) data to that of VV polarization data (σ VV 0 ) in order to retrieve the sea surface wind speed from TS-X/TD-X data at HH polarization using the developed GMF dedicated for VV polarization data. Among the three models, two (i.e., the Thompson model [11] and the Elfouhaily model [13] , which are denoted by T-PR and E-PR, respectively) are based on the models that are originally proposed for C-band SAR data, and the third one (X-PR) is derived according to the GMF for the X-band airborne scatterometer [33] . The coefficients of the three PR models are determined using TS-X dual-polarization TABLE I  COEFFICIENTS OF THE PR MODELS TUNED FOR TS-X/TD-X data. The T-PR and the exponential X-PR models are given as follows:
The coefficients of α for (8) and X 0 and X 1 for (9) tuned using TS-X dual-polarization data are given in [20] . They are also listed in Table I for reference.
The E_PR model is based on the extended Kirchhoff approximation model [13] . We find that the E_PR model does not fit the TS-X dual-polarization data in the original format σ
VV ; therefore, we modify the coefficient in it by fitting the PR derived from the TS-X dual-polarization data [20] , which has the following format:
Sixty TS-X/TD-X SAR images acquired between 2008 and 2012 at HH polarization are collected and matched up to the in situ buoy measurements. We use the three proposed PR models and XMOD2 to retrieve the TS-X/TD-X sea surface wind speed and compare them with in situ buoy measurements, as shown in Fig. 10 . Overall, the three PR models yield a bias larger than 0.5 m/s and an RMSE larger than 2.0 m/s. The T_PR yields the best bias of −0.64 m/s but the largest RMSE and SI. The modified E_PR shows the largest bias of −0.93 m/s. Although the bias (−0.88 m/s) achieved by using the X_PR model is slightly larger than that using the T_PR model, the X_PR model yields the best RMSE and SI, with values of 2.03 m/s and 22.4%, respectively. Therefore, we preliminarily conclude that the proposed X_PR model performs best among the three PR models.
In Fig. 11 , we show an example of the sea surface wind field retrieved using XMOD2 and the X_PR model for a TS-X dual polarization (VV and HH) acquired over the Diamond Shoals, USA. A cell size of 2 km × 2 km is used for the retrieval, which is consistent with that used for tuning of XMOD2. The sea surface wind direction is derived from the visible streaks in the TS-X image using a fast Fourier transform method, and the 180
• ambiguity of wind direction is removed depending on the shadow behind the coast. The black dot on the coast indicates the weather station HCGN7 (35.208 • N/75.703
• W). The in situ measurement of wind direction and wind speed at the station is 332
• (coming from) and 8.40 m/s at a height of 9 m. Using the method described in Section II, the U LOG for the station is 8.48 m/s. The wind speed derived from HH and VV data at the nearest grid to the station is 7.95 and 6.50 m/s, which shows that the wind speed derived from the VV polarization data is close to in situ measurement, whereas the result of HH polarization underestimates the sea surface wind speed. The major discrepancy between the retrievals of VV and HH polarizations mainly appears in the area where the sea surface wind speed is above 8 m/s.
Both the statistical analysis and the case study indicate that the effect of wind speed in addition to incidence angle in the PR of X-band SAR data should be considered in future studies.
VI. DISCUSSION AND CONCLUSION
The development of the GMF XMOD2 to retrieve the sea surface wind field from the X-band TS-X/TD-X is described in this paper. Compared with the previous linear GMF XMOD1, XMOD2 nonlinearly relates the sea surface wind vector with radar backscatter σ 0 for X-band SAR images. The difference of upwind and downwind in the sea surface backscatter is depicted as well in the new GMF.
The small difference between the NRCS observed by TS-X/TD-X and the one simulated for C-band radar data inspires us to tune a GMF for X-band SAR data to retrieve the sea surface wind field by adopting the available C-band GMF, which partly overcomes the difficulty of the lack of a large amount of data set needed for independent tuning. Considering that the sea surface backscatter intensity of SAR data is mainly determined by the isotropic term B 0 and the upwind/crosswind amplitude B 2 , transfer functions used in CMOD5 for B 0 and B 2 are adopted for XMOD2, whereas a second-order polynomial function is chosen for the upwind/downwind amplitude B 1 . The 33 coefficients in the functions of B 0 , B 1 , and B 2 are determined using a mixed data set consists of collocations with buoy measurements and the GSM wind model results. We realize that the amount of data set (1010 cases, which are all individually ordered) used to tune the 33 coefficients in XMOD2 is not comparable with that used for tuning of CMOD functions. Therefore, we use a stepwise regression method, i.e., tuning B 0 , B 1 , and B 2 , respectively, which significantly reduces the number of coefficients to be determined in one process and yields a stable result. Nevertheless, it can be anticipated that the coefficients of XMOD2 will be refined when more TS-X/TD-X data are acquired for tuning, and therefore, it is appropriate to consider in the present XMOD2 a preliminary development for X-band GMF to retrieve the sea surface wind field.
Since the amount of the GSM model data used in the tuning data set is twice that of the buoy measurements, we first conduct a comparison of the retrieved sea surface wind speed with in situ buoy measurements, which are used in the tuning data set. A good agreement with a bias of −0.32 m/s, an RMSE of 1.47 m/s, and an SI of 16.0% are achieved for the 371 collocations. Parallel with the development of XMOD2, we further acquire 52 cases of TS-X/TD-X data collocated with in situ buoy measurements from July 2012 to January 2013, which are not included in the tuning data set, to validate XMOD2 independently. Similar with the comparison using the tuning data set, the comparison using this independent data set shows as well a close agreement with buoy measurements with a bias of −0.17 m/s, an RMSE of 1.48 m/s, and an SI of 17.0%. Both comparisons indicate that XMOD2 performs well to retrieve the sea surface wind speed from TS-X/TD-X data at VV polarization.
To apply XMOD2 to TS-X/TD-X data acquired at HH polarization, we further verify three PR models, i.e., the T_PR, E_PR, and X_PR models, which only consider the effect of incidence angle on PR, tuned using TS-X dual-polarization data. Sixty collocations of TS-X/TD-X HH polarization data with buoy measurements are collected for comparison. It is found that the retrieved wind speed by using the three PR models yields biases larger than 0.5 m/s, which is not as good as that achieved in the validations for data at VV polarizations. Based on the overall consideration of the three statistical parameters (bias, RMSE, and SI), the exponential model X_PR yields better retrieval than using the other two PR models. Future studies need to include the effect of sea surface wind field on the PR of X-band SAR data, such as the studies that have been conducted on C-band SAR data [12] , [17] .
In Section IV, we investigate that the lowest wind speed that can be retrieved from TS-X/TD-X data at VV polarization using XMOD2 is 2 m/s for incidence angles in the range of 20
• to 45
• . However, in this paper, the performance of XMOD2 for a wind speed above 20 m/s is not validated due to the lack of a compatible data set. In some cases, the sea surface wind speed can exceed 20 m/s, such as an example of Bora over the Adriatic Sea taken by the TS-X ScanSAR image shown in Fig. 12(a) . The TS-X image exhibits alternative jets and wakes induced by interaction of the local orography with Bora. The retrieved sea surface wind field using XMOD2 shown in Fig. 12(b) represents well the terrain-induced jet and wake patterns with wind speed varying significantly from lower than 2 m/s to higher than 25 m/s. Over such area with complex local topography, it is difficult to compare the scatterometer measurements with SAR retrieval due to its limited spatial resolution. Our future study will investigate this by comparing TS-X/TD-X retrieval with high-resolution regional models, e.g., the weather research and forecasting model, for validation. Another possibility to validate the performance of XMOD2 for high wind speeds is in tropical cyclones, where some in situ measurements of winds from airborne instruments, such as the stepped-frequency microwave radiometer, are possible to access.
SAR is often called a weather-independent sensor. However, SAR images may be significantly affected in the occurrence of rainfall, which is more evident at higher microwave frequency (shorter wavelength) [34] . Therefore, the effect of rainfall on X-band SAR images over the sea surface also needs further investigation.
In summary, the proposed XMOD2 is applicable to X-band TS-X/TD-X data at copolarization (VV and HH) for incidence angles between 20
• to retrieve the sea surface wind speed in the range of 2-20 m/s.
APPENDIX
The form of the XMOD2 GMF is
in which p = 0.625. v is the sea surface wind speed at 10-m height, and φ is the angle between wind direction ϕ and SAR look direction α, i.e., φ = ϕ − α. Wind direction ϕ is defined clockwise relative to north in the meteorological convention (i.e., coming from), and radar look angle α is clockwise relative to north but in the direction of going to. θ is the incidence angle, or alternatively x = (θ − 36)/17.
The transfer functions in B 0 and B 2 are the same as those used in CMOD5. They are reproduced here for reference. The B 0 term is defined as 
The functions a 0 , a 1 , a 2 , γ, and s 0 in (A3) all depend on the incidence angle only, which are given as The B 1 in XMOD2 is defined in (A8), which is not the same as that in CMOD5, i.e., The B 2 term is defined as 
